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1. Abstract 
Final performance report of the Young Investigator Program (YIP) project titled “High-Power 
Microwave Metamaterials for Phased-Array, anti-HPM, and Pulse-Shaping Applications” is 
presented in this document. The research conducted in this project resulted in a number of unique 
devices for operation in high-power microwave systems. Specifically, for the very first time, 
high-power frequency selective surfaces capable of handling extremely high-power levels were 
introduced and experimentally demonstrated. Other major findings of this project include the 
introduction, development, and experimental demonstration of two new classes of ultra-
wideband, true-time-delay, and high-power-cable microwave lenses suitable for operation in 
high-power phased-array antennas and electronic attack systems. Through the basic research 
conducted in this project, a better understanding of breakdown and plasma generation in high-
power microwave periodic structures and metamaterials was achieved. This new understanding 
resulted in the development of new techniques for creating fast acting, distributed discharge 
limiters as well as periodic plasma layers. Finally, the use of metamaterials in high-power 
microwave amplifiers was investigated and a new concept for designing high-power, millimeter-
wave traveling wave tubes was introduced and verified using computer-based simulations. 
 
 
2. Summary of Main Accomplishments of This Project 
The broad objective of this project was to investigate artificially engineered materials 
(metamaterials) capable of operating under extremely high power microwave (HPM) fields. We 
first investigated the use of wideband, high-power-microwave metamaterials composed of non-
resonant unit cells in the design of HPM frequency selective surfaces and spatial phase shifters 
(SPSs). The results of our investigations in this area are provided in Section 3. Subsequently, we 
investigated various mechanisms for dynamically tuning the responses of such metamaterial 
structures. These include electronic, micro-fluidic, and optical tuning techniques. The results of 
our investigations in this area are provided in Section 4 of this document. Using the sub-
wavelength periodic structures developed in this work, we developed several new types of 
microwave lenses and investigated their applications in high-gain, high-power antenna systems 
as described in Section 5 of this document. As part of this project, we also investigated the 
physics of breakdown processes in high-power metamaterials and periodic structures. In Section 
6 of this document, we outline our findings in this area. These findings are expected to facilitate 
the design of plasma-tunable structures, rapid distributed discharge limiters, and devices that 
generate periodic plasma over very large scales. Finally, in Section 7 of this report, we describe 
our research in the design of a new class of metamaterial-enhanced traveling wave tube 
amplifiers. 
 
 
3. High-Power Microwave Frequency Selective Surfaces and Metamaterials 
3.1.Theoretical Investigation of Electromagnetic Wave Tunneling Through Epsilon- and Mu-

Negative Slabs. 
One of the main objectives of this project was to examine the application of a class of 
metamaterials composed of nonresonant periodic structures in the design of high-power-
microwave (HPM) frequency selective surfaces (FSSs) and metamaterials. We started our 
investigations in this area by examining the problem of electromagnetic wave tunneling through 
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devices completely disrupt the performance of the metamaterials and periodic structures that use 
them when operated in high-power microwave conditions. Our findings in this area are published 
in a sub-section of a journal paper that we published in IEEE Transactions on Antennas and 
Propagation [J6]. 
 
4.2.Optical Tuning Techniques 
We also examined the use of optical tuning techniques to tune the responses of HPM 
metamaterials and periodic structures. The idea behind this concept is rather simple. Specifically, 
when a photoconductive material is illuminated with light with appropriate wavelength, the 
conductivity of the material changes. When such photoconductive materials are integrated with 
unit cells of periodic structures and metamaterials, this change in conductivity can be used to 
change the properties of the structure. The fact that this tuning method is not an electronic-based 
technique is particularly useful in high-power microwave applications, since the devices 
maintain their linearity under HPM operation. However, in our investigations we found out that 
the range of conductivities that can be achieved using existing photoconductive materials, when 
the intensity of the incident light is changed, is not wide enough to obtain any meaningful tuning 
of the responses of the metamaterials under investigation. Specifically, for this proposed scheme 
to work, a wide tuning range of conductivities as well as very high levels of conductivities were 
needed. Using existing photoconductive materials and technologies only allows for achieving 
very limited tuning range and the devices designed using these materials were found to suffer 
from excessive loss levels. Therefore, we abandoned this approach in favor of liquid tuning 
technique as is described in Section 4.3. We point out that optical techniques may have a place in 
designing reconfigurable metamaterials and periodic structures for certain specific applications. 
For example, we believe that they are particularly useful in converting an FSS to an absorber or 
to turn on/off a periodic structure. However, since the goal of our current investigation was to 
develop tunable structures with relatively low loss values, this approach was not pursued any 
further.  
 
4.3.Fluidic Tuning Techniques 
In this area, we examined fluidically tunable periodic structures acting as highly-selective 
frequency selective surfaces (FSSs) or spatial phase shifters (SPSs) capable of providing phase 
shifts in the range of 0° 360°. These devices were multi-layer periodic structures composed of 
non-resonant unit cells. The tuning mechanism was based on integrating small, movable liquid 
metal droplets with the unit cells of the periodic structure. By moving these liquid metal droplets 
by small distances within the unit cell, the structure’s frequency response can be tuned 
continuously. Fig. 4 shows the three-dimensional topology of one such fluidically-tunable 
structure. 
 
Using this technique, a fluidically tunable FSS with a fifth-order bandpass response was 
designed and its tuning performance was examined for various incidence angles and 
polarizations of the incident EM wave. Additionally, electronically tunable counterparts of the 
same structure were also designed and their tuning performances were examined under short-
duration high-power excitation conditions. It was demonstrated that such electronically tunable 
FSSs/PSSs demonstrate extremely nonlinear responses. Since the fluidically tunable structure 
examined in this work does not use any nonlinear devices, its response is expected to remain 
linear for such short-duration high-power excitation conditions. The tuning performances of 
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5.4.Design of Wideband, FSS-Based Multi-Beam Antennas Using the Effective Medium 
Approach 

As part of this project, we also developed a broadband, low-profile, multi-beam antenna. The 
antenna uses multiple feed elements placed on the focal plane of a planar microwave lens to 
achieve high-gain, multi-beam operation with a wide field of view. The lens is based on the 
metallo-dielectric lenses developed in this project and reported in Section 5.3 and it uses the 
constituting unit cells of appropriately designed miniaturized-element frequency selective 
surfaces (MEFSSs) as its spatial time-delay units. A new technique for modeling such lenses was 
also developed. This new technique simplifies the full-wave electromagnetic simulation of 
MEFSS-based lenses to a great extent. This technique is based on treating the pixels of the lens 
as effective media with the same effective permittivity and permeability and significantly 
reduces the difficulty of modeling and optimizing the proposed multi-beam antenna with its 
relatively large aperture size in a full-wave electromagnetic simulation tool. Using this 
procedure, a prototype multi-beam antenna operating in the 8-10 GHz range was designed. The 
prototype was fabricated and characterized using a multi-probe, spherical near field system. The 
measurement results were found to be in good agreement with the simulation results obtained 
using the proposed simplified modeling technique. Measurements demonstrated completely 
consistent radiation characteristics over the antenna’s entire operational band with multiple 
beams in a field of view of 45° within the entire band of operation of the antenna. The results 
of this investigation are submitted in the form of a journal paper for evaluation and publication in 
IEEE Transactions on Antennas and Propagation [J12]. This work is also reported in a number of 
conference papers [C4], [C11]. 
 
5.5.Ultra-Wideband, True-Time-Delay Reflectarray Antennas Using Ground-Plane-Backed 

Miniaturized-Element Frequency Selective Surfaces 
As part of this project, we invented a new method for designing low-profile reflectarray antennas 
with broadband, true-time-delay (TTD) responses. The structures developed in this work are 
composed of numerous reflective spatial time delay units distributed over a planar surface. Each 
spatial time delay unit is a unit cell of a ground-plane-backed miniaturized-element frequency 
selective surface (MEFSS) composed of non-resonant elements. Each element is a lowpass type 
MEFSS composed of a stack of non-resonant patches separated from one another by thin 
dielectric substrates and the whole structure is backed with a ground plane. A prototype of the 
proposed MEFSS-based TTD reflectarray with the focal length to aperture diameter ratio (f/D) of 
0.87 operating at the center frequency of 10 GHz was designed, fabricated, and experimentally 
characterized both in time and frequency domains. It was demonstrated that the fabricated TTD 
reflectarray operates over a bandwidth of 40% without any significant chromatic aberrations. 
The proposed antenna provides a realized gain of 23 dB when fed with an X-band horn antenna 
and shows a gain variation of about 4 dB in the 8-12 GHz range. The antenna also shows 
consistent radiation characteristics and relatively low sidelobe levels across its entire band of 
operation. The results of this investigation are published in the form of a conference paper [C5] 
and a journal paper on this effort was prepared and submitted to the IEEE Transactions on 
Antennas and Propagation. This manuscript is currently under review [J13]. 

 
 

6. Physics of Microwave Breakdown in High-Power Microwave Metamaterials and 
Periodic Structures 
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6.1.Investigating the Impact of Microwave Breakdown on the Responses of High-Power 

Microwave Metamaterials 
We investigated the effect of microwave-induced breakdown on the frequency responses of a 
class of metamaterials composed of planar sub-wavelength periodic structures. When breakdown 
occurs in such a structure, its frequency response changes based on the nature of the plasma 
created within its unit cell. We examined how the frequency responses of such periodic 
structures change as a result of creation of microwave-induced discharges within their unit cells. 
To do this, we examined single-layer metasurfaces composed of miniature LC resonators 
arranged in a 2-D periodic lattice. These metasurfaces are engineered to be opaque at microwave 
frequencies when operated at low power levels but can be made transparent if a localized 
discharge is created within the LC resonators. By measuring their transmission and reflection 
coefficients under high-power excitation in different conditions, the impact of breakdown on the 
frequency responses of these devices was determined. Several prototypes of such structures were 
examined both theoretically and experimentally. It was demonstrated that when breakdown 
occurs in air and at atmospheric pressure levels, the responses of such periodic structures can be 
predicted with a reasonable degree of accuracy. Additionally, when the unit cell of the 
metasurface was composed of two different resonators, breakdown was always observed to occur 
in both resonators despite their different topologies and local field enhancement factors. In such 
structures, the discharge in one resonator was found to mediate the discharge in the other 
resonator. The results of our investigations in this area were published in a number of conference 
papers [C1], [C2], [C7], [C8], [C13] and a journal paper published in IEEE Transactions on 
Plasma Science [J14]. 
 
6.2.Investigating the Physics of Simultaneous Breakdown Events in High-Power-Microwave 

(HPM) Metamaterials With Multiresonant Unit Cells and Discrete Nonlinear Responses 
Electromagnetic metamaterials offer a significant potential to enable new capabilities in many 
applications. Under high-power illumination, metamaterials and periodic structures experience 
internal breakdown, altering frequency response, and/or yielding thermal damage. As part of this 
project (see Section 6.1), we observed simultaneous breakdown discharges at two separate sites 
within a multi resonator metamaterial unit cell, even though the electric field intensities at one of 
the resonator sites should have been well below the threshold intensity required for breakdown. 
In this part of the project, we investigated three candidate mechanisms for the simultaneous 
breakdown discharges: energetic electrons, ultraviolet (UV) radiation, and vacuum UV (VUV) 
radiation. Experiments inserting different dielectric barriers between the two resonators of a 
multiresonator unit cell were able to selectively isolate the coupling influence of the candidate 
mechanisms. It was established that, VUV radiation from the discharge at the resonator with a 
lower electric field breakdown threshold causes simultaneous breakdown at the other resonator 
where the field intensities are otherwise too low to induce breakdown. The results of this 
investigation were published in a number of conference papers [C2], [C7] as well as a journal 
paper published in IEEE Transactions on Plasma Science [J15]. Using this concept and in 
collaboration with Prof. John H. Booske at the Department of Electrical and Computer 
Engineering of the University of Wisconsin-Madison, we demonstrated that such single-layer 
metasurfaces can be used to reduce the threshold breakdown and the breakdown delay in a 
distributed discharge limiter. The results of this study were published in a number of conference 
papers [C9], [C10].  
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7. Metamaterial-Enhanced Traveling Wave Tubes 
The growing need for high power sources at millimeter-wave (MMW) frequencies has been 
motivated by a number of applications ranging from high-data rate communication systems to 
homeland security and radar applications. Although solid state power amplifiers are relatively good 
candidates for high power generation in the S and C bands (2-8 GHz), their power gain 
performance rapidly deteriorates in the MMW range. Vacuum electronics amplifiers such as 
Traveling Wave Tubes (TWTs) have superior power and efficiency capabilities at MMW and THz 
regions compared to solid state power amplifiers. However, at these frequencies, the extremely 
small dimensions of the slow-wave structures (SWS) used in TWTs limits their maximum beam 
diameter and beam current and consequently their gain and total output power levels. Therefore, at 
these frequency bands, it is desirable to increase the size of the SWS of a TWT without decreasing 
the primary frequency band of operation of the SWS. This allows for increasing the beam diameter 
and total beam current of the TWT resulting in a higher gain and output power level.  
 
As part of this project, we examined this “reverse-miniaturization” concept in a folded 
waveguide TWT (FWTWT), since they are easier to fabricate at MMW frequencies compared to 
other types of TWTs such as helix or ring bar TWTs. We demonstrated that when a folded 
waveguide SWS is loaded with epsilon negative (ENG) metamaterial slabs periodically, its band 
diagram is shifted to higher frequencies. To reduce the frequency of the main band of the SWS 
back to the desired (lower) frequency range, we scale the dimensions of the SWS up and obtain a 
larger structure that has a larger beam tunnel compared to that of the unloaded SWS. Through 
Particle In Cell (PIC) simulations in CST Studio, we were able to demonstrate that the 
metamaterial-enhanced TWT has a considerably higher interaction impedance than the unloaded 
structure and can achieve a larger gain. Additionally, because of the larger beam diameter, the 
beam current can also be increased further increasing the amplifier’s gain. We were also able to 
propose practical implementation techniques that may be used to implement the metamaterial 
loadings in these types of TWTs. These implementations do not use any sort of resonant-
elements and use exclusively metallic structures. Therefore, these metamaterial-enhanced 
traveling wave tubes are not expected to be susceptible to breakdown and they are expected to be 
capable of handling significantly high CW and pulsed power levels. Using PIC simulations in 
CST Particle Studio, we were able to demonstrate that these physically realizable metamaterial-
enhanced TWTs maintain similar high interaction impedance levels as the ones that use ideal, 
physically unrealizable metamaterials. The results of our investigations in this area are published 
in a number of conference papers [C3], [C6]. Additionally, a manuscript of a journal paper in 
this area is also prepared that will be submitted to IEEE Transactions on Plasma Science. 
 
 
8. Publications Resulted from This Effort 
The list of the papers published as a result of this effort is provided. The list is divided into two 
sections of journal papers and conference papers. Some of the co-authors of these papers are 
students that worked on this project and were advised by the PI. These students or advisees are 
marked with a # sign next to their names in the citations below. 
 
6.1.Journal Papers 
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J15. C.-H. Liu#, J. Neher#, J. H. Booske, and N. Behdad, “Investigating the Physics of 
Simultaneous Breakdown Events in High-Power-Microwave (HPM) Metamaterials with 
Multiresonant Unit Cells and Discrete Nonlinear Responses,” IEEE Transactions on 
Plasma Science, vol. 42, no. 5, part 1, pp. 1255-1264, May 2014. 

 

6.2.Conference Papers 
 

C1. C. H. Liu# and N. Behdad, “Metamaterials with Discrete Nonlinear Responses for High-
Power Microwave Applications,” IEEE Pulsed Power & Plasma Science, San Francisco, 
CA 16-21 June 2013. Invited Paper and Winner of student paper competition. 

C2. C.-H. Liu#, J. Neher#, J. H. Booske, and N. Behdad, “Investigating the Physics of 
Simultaneous Breakdown Events in Metamaterials with Multi-Resonant Unit Cells,” 15th 
IEEE International Vacuum Electronics Conference, April 22-24, 2014, Monterey, CA. 

C3. A. Rashidi# and N. Behdad, “Metamaterial-Enhanced Traveling Wave Tubes,” 15th IEEE 
International Vacuum Electronics Conference, April 22-24, 2014, Monterey, CA 

C4. S. M. A. Momeni Hasan Abadi# and N. Behdad, “Wideband Multi-Beam Antenna 
Apertures Using Metamaterial-Based Superstrates,” 2014 IEEE International Symposium 
on Antennas and Propagation and USNC-URSI Radio Science Meeting, July 6-12, 2014, 
Memphis, TN. Received honorable mention in the student paper competition of the 
conference. 

C5. S. M. A. Momeni Hasan Abadi# and N. Behdad, “Ultra-Wideband, True-Time-Delay, 
Metamaterial-Based Reflectarray Antenna,” 2014 IEEE International Symposium on 
Antennas and Propagation and USNC-URSI Radio Science Meeting, July 6-12, 2014, 
Memphis, TN. 

C6. A. Rashidi# and N. Behdad, “Metamaterial-Enhanced Slow-Wave Structures for 
Traveling Wave Tube Applications,” 2014 IEEE International Symposium on Antennas 
and Propagation and USNC-URSI Radio Science Meeting, July 6-12, 2014, Memphis, 
TN. 

C7. C.-H. Liu# and N. Behdad, “Investigating Failure Mechanisms in High-Power Microwave 
Frequency Selective Surfaces,” Submitted to the 2014 IEEE International Symposium on 
Antennas and Propagation and USNC-URSI Radio Science Meeting, July 6-12, 2014, 
Memphis, TN. Received honorable mention in the student paper competition of the 
conference. 

C8. C.-H. Liu#, J. Neher#, J. H. Booske, and N. Behdad, “Investigating the Physics of 
Microwave Induced Breakdown in Metamaterials with Multi-Resonant Constituting Unit 



16 
 

Cells,” 55th Annual Meeting of the APS Division of Plasma Physics, Vol. 58, no. 16, 
November 11-15 2013, Denver, CO. 

C9. J. H. Booske, B. Kupczyk, A. Garcia, C.-H. Liu#, X. Xiang, N. Behdad, and J. Scharer, 
“Reduced breakdown delay in high power microwave dielectric window discharges via 
penning-like mixtures and patterened metallization,” 55th Annual Meeting of the APS 
Division of Plasma Physics, Vol. 58, no. 16, November 11-15 2013, Denver, CO. 

C10. B. Kupczyk, C. H. Liu#, X. Xiang, N. Behdad, J. Scharer, and J. H. Booske, 
“Reduced Breakdown Delay in High Power Microwave Dielectric Window Discharges,” 
IEEE Pulsed Power & Plasma Science, San Francisco, CA 16-21 June 2013. 

C11. S. M. A. Momeni Hasan Abadi# and N. Behdad, “Multi-Beam Antennas Using 
Planar Lenses Fed With Focal Plane Arrays,” 2013 AP-S/URSI Symposium, Orlando, FL. 

C12. M. Li# and N. Behdad, “All-Dielectric, True-Time-Delay, Planar Microwave 
Lenses,” 2013 AP-S/URSI Symposium, Orlando, FL. Finalist in the student paper 
competition. One of the 15 finalists selected from among ~150 submissions 
worldwide. 

C13. C.-H. Liu# and N. Behdad, “Plasma tunable metamaterials and periodic 
structures,” 2013 International Vacuum Electronics Conference (IVEC 2013), pp. 1-2, 
DOI: 10.1109/IVEC.2013.6571008. 

C14. Chien-Hao Liu# and N. Behdad, “Analysis of Electromagnetic Wave Tunneling 
Through Stacked Single-Negative Metamaterial Slabs: a Microwave Filter Theory 
Approach,” 2012 IEEE International Symposium on Antennas and Propagation and 
USNC-URSI National Radio Science Meeting, July 8-14, 2012, Chicago, IL, pp. 1-2 
(DOI: 10.1109/APS.2012.6349305). 

C15. Chien-Hao Liu# and N. Behdad, “High-Power Microwave Filters and Frequency 
Selective Surfaces Utilizing EM Wave Tunneling Through ε-Negative Layers,” 2012 
IEEE International Symposium on Antennas and Propagation and USNC-URSI National 
Radio Science Meeting, July 8-14, 2012, Chicago, IL, pp. 1-2 (DOI: 
10.1109/APS.2012.6349304). Finalist in the student paper competition. One of the 15 
finalists selected from among ~150 submissions worldwide. 

C16. M. Li# and N. Behdad, “Frequency Selective Surfaces for High-Power Microwave 
(HPM) Applications,” 2012 IEEE International Symposium on Antennas and 
Propagation and USNC-URSI National Radio Science Meeting, July 8-14, 2012, 
Chicago, IL, pp. 1-2 (10.1109/APS.2012.6348722). 

C17. M. Li# and N. Behdad, “Ultra-Wideband, True-Time-Delay, Metamaterial-Based 
Microwave Lenses,” 2012 IEEE International Symposium on Antennas and Propagation 
and USNC-URSI National Radio Science Meeting, July 8-14, 2012, Chicago, IL, pp. 1-2 
(DOI: 10.1109/APS.2012.6349044). 

C18. Chien-Hao Liu# and N. Behdad, “Electromagnetic Wave Tunneling Through 
Multiple Epsilon-Negative Metamaterial Layers: A Microwave Filter Theory Approach,” 
USNC/URSI National Radio Science Meeting, January 4-7, 2012 Boulder, CO. 

C19. M. Li# and N. Behdad, “Fludically Tunable Phase Shifting Surfaces for High-
Power Tunable Lens Applications,” 2011 Antenna Applications Symposium, Robert 



17 
 

Allerton Park, Monticello IL, September 20-22, 2011. Winner of the second place 
award in the student paper competition.  

C20. M. Al-Joumayly# and N. Behdad, "Wideband True-Time-Delay Microwave 
Lenses Using Low-Profile, Sub-wavelength Periodic Structures," IEEE Int. Symp. 
Antennas and Propag. & USNC/URSI Nat. Radio Sci. Meeting, July 3-8, 2011, Spokane 
WA. 

C21. M. Al-Joumayly# and N. Behdad, "High-Resolution Discrete Lens Arrays Using 
Miniaturized-Element Frequency Selective Surfaces," IEEE Int. Symp. Antennas and 
Propag. & USNC/URSI Nat. Radio Sci. Meeting, July 3-8, 2011, Spokane WA. 

 

9. Inventions and Patents Resulted from This Effort 
 

1. “True-Time-Delay, Low-Pass Lens,” Inventors: N. Behdad and Meng Li, Utility patent 
application filed with U.S. Patent and Trademark Office (U. S. App. No. 13/483,381) 
filed on 5/30/2012. 

2. Epsilon-negative Loaded Traveling Wave Tube, Inventors: Arash Rashidi and Nader 
Behdad, filed with USPTO on 3/10/2014 (USSN 14/202,992). 

 
 
10. Awards and Recognitions that Resulted From This Effort 
 

1) The 2014 R. W. P. King Prize Paper Award of the IEEE Antennas and Propagation 
Society for the paper: 

 M. Li and N. Behdad, “Wideband True-Time-Delay Microwave Lenses Based on 
Metallo-Dielectric and All-Dielectric Lowpass Frequency Selective Surfaces,” 
IEEE Transactions on Antennas and Propagation, vol.61, no.8, pp.4109-4119, 
August 2013. 

 
2) Winner of the Student Paper Competition of the 2014 IEEE Pulsed Power & Plasma 

Science Conference for the paper: 
 C. H. Liu and N. Behdad, “Metamaterials with Discrete Nonlinear Responses for 

High-Power Microwave Applications,” IEEE Pulsed Power & Plasma Science, 
San Francisco, CA 16-21 June 2013. 

 
3) Second Place in the Student Paper Competition of the 2011 Antenna Applications 

Symposium for the paper: 
 M. Li# and N. Behdad, “Fludically Tunable Phase Shifting Surfaces for High-

Power Tunable Lens Applications,” 2011 Antenna Applications Symposium, 
Robert Allerton Park, Monticello IL, September 20-22, 2011. 

 

4) One of the 15 finalist (from ~150 submissions worldwide) in the student paper 
competition of the 2012 IEEE Antennas and Propagation Society Internal 
Symposium for the paper: 

 Chien-Hao Liu# and N. Behdad, “High-Power Microwave Filters and Frequency 
Selective Surfaces Utilizing EM Wave Tunneling Through ε-Negative Layers,” 
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2012 IEEE International Symposium on Antennas and Propagation and USNC-
URSI National Radio Science Meeting, July 8-14, 2012, Chicago, IL, pp. 1-2. 

 
5) One of the 15 finalist (from ~150 submissions worldwide) in the student paper 

competition of the 2013 IEEE Antennas and Propagation Society Internal 
Symposium for the paper: 

 M. Li# and N. Behdad, “All-Dielectric, True-Time-Delay, Planar Microwave 
Lenses,” 2013 AP-S/URSI Symposium, Orlando, FL. 

 
6) Honorable mention in the student paper competition of the 2014 IEEE Antennas 

and Propagation Society Internal Symposium for the paper: 
 C.-H. Liu# and N. Behdad, “Investigating Failure Mechanisms in High-Power 

Microwave Frequency Selective Surfaces,” Submitted to the 2014 IEEE 
International Symposium on Antennas and Propagation and USNC-URSI Radio 
Science Meeting, July 6-12, 2014, Memphis, TN 

 
7) Honorable mention in the student paper competition of the 2014 IEEE Antennas 

and Propagation Society Internal Symposium for the paper: 
 S. M. A. Momeni Hasan Abadi# and N. Behdad, “Wideband Multi-Beam Antenna 

Apertures Using Metamaterial-Based Superstrates,” 2014 IEEE International 
Symposium on Antennas and Propagation and USNC-URSI Radio Science 
Meeting, July 6-12, 2014, Memphis, TN 
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